As the oil offloading operations of floating production storage and offloading (FPSO) 
Introduction
In Fig. 1 , we show the offloading of stored oil from a floating production storage and offloading ͑FPSO͒ unit to a shuttle tanker. 1 An early account of the design and field implementation of this procedure is given by Henriques ͓1͔. According to that paper, the most important issue was to define the environmental conditions under which the vessels involved in offloading were able to maintain position. The set of such environmental conditions defines the availability, which is the fraction of time when an offloading procedure is viable. The FPSO in that account was offloaded on average every 10.5 days. The complete cycle of mobilizing the tanker, loading, demobilizing, and unloading lasted 8 days on average. With a single shuttle tanker to service it, the FPSO would essentially require offloading 75% of the time. Even in a very calm environment, it would be unusual to expect availability to be at that level. The efficiency is easily increased by using a fleet of shuttle tankers, but at some point downtime becomes inevitable because of weather conditions. This and other studies ͓2,3͔ demonstrate the need for optimizing offloading operations.
Offloading configurations may vary depending on the type and number of vessels involved ͓2͔. Typical configurations consist of either the following:
• floating storage and offloading ͑FSO͒, Catenary anchor leg mooring ͑CALM͒ buoy, and tanker • FPSO and tanker • FSO, CALM buoy, tanker, and tug͑s͒ • FPSO, tanker, and tug͑s͒ Here, we concentrate on the final configuration, where the FPSO is spread moored, possibly with a compliant mooring system ͑shown schematically in Fig. 2͒ . This sort of compliant mooring, called a differentiated compliant anchoring system ͑DICAS͒, is a hybrid of the regular spread-moored system and the turret moored system. The advantages are improved stability from the spread mooring, with the capability for limited weather vaning, as the FPSO is partially allowed to align with the direction of the prevailing environmental loads.
During offloading, the vessels are connected to each other by a polyester cable called a hawser. This limits relative movement of the vessels sufficiently so that a flexible pipe can be used to transfer the oil. Once they are connected, the vessels become a system whose equilibrium positions depend on one another and the magnitude and direction of environmental forces from wind, waves, and current. Design of an offloading procedure requires determination of a system that is safe as well as stable ͑that is, does not experience large motions͒. Safety requires sufficient clearance between the vessels and other necessary elements such as mooring lines and risers. Safety also requires structural integrity of the hawser line and the connections of the hawser to the vessel bulkheads. Morandini et al. ͓3͔ list the design variables that are pertinent to the offloading procedure as follows:
• relative vessel headings, to minimize the effects of yaw instability should fishtailing occur • hawser tension, to avoid failure of the connections • hawser azimuth, or direction to avoid collision during periods of transient weather and as the relative draft of the vessels increase and decrease • distance between the vessels, to avoid collision We add the tug or thruster force as a design variable. The net magnitude and direction of the stabilizing forces affect the other design variables and ultimately determine if maintaining equilibrium of the system is feasible with the use of tugs.
The issue of stability is addressed in advance, since uncontrolled motions would obviously preclude a safe offloading operation. Several studies ͓4,5͔ address this for turret moored or compliant moored systems. In general, instability is not considered to be an issue for a conventional mooring system, since it can be designed to limit all in-plane motions of the FPSO including yaw so that large displacements are not possible. It has been shown ͓5͔ that for compliant moored ͑DICAS͒ systems, the shuttle tanker and tugs have a stabilizing effect on the overall system. Furthermore, use of proper physical limitations on the motions ͑such as limiting the absolute FPSO yaw͒ reduces the number of possible unstable equilibrium positions of the system. In this paper, we assume that the designated system is stable provided the motions have a reasonable level of constraint.
Proper analysis of the offloading procedure requires nonlinear dynamic analysis to determine mean equilibrium positions of the vessels and thus quantify the design variables. The most significant simplification taken here is the use of static, linear analysis to approximate the mean behavior of the system. This is necessary once optimization of the process is undertaken, due to the need for repeated analysis of the system as the optimization procedure converges to a solution. Use of expensive codes in optimization for "black box" analysis if warranted may be achieved with limited success ͑see, for example, Booker et al. ͓6͔͒. Here, this would entail a nonlinear time history analysis including the effects of body interaction on the wave forces, full coupling of dynamic degrees of freedom, and nonlinear mooring and hawser line stiffness. However, the other limiting factors described in the paper by Booker et al., such as lack of derivatives or lack of a solution at infeasible points, do not exist in this case. Instead, a "simplified physics model" is used. In this approach, the system is described by simplified laws that are based on the actual physics of the problem, but are known to be inexact, or unsuitable outside of a particular range of variables. Thus, the linear, static analysis is adopted with the following limitations:
• The values of the variables predicted are consistent with the mean equilibrium positions of the vessels and should be adjusted to consider higher, but short duration episodic values. In particular, the design of the hawser should be amplified by an impact factor of at least 1.5 ͓1͔.
• Equivalent linear mooring line stiffness should be calculated for the expected mean position of the FPSO ͑see, for example, Ref. ͓7͔͒. The absolute motions of the FPSO should be limited to reflect the applicable range of motion for this approximation.
• The hawser should have sufficient pretension so that it behaves as a linear spring.
• Motions out of the horizontal plane ͑heave, pitch, and roll͒ are negligible.
• The coupling of horizontal ͑in-plane͒ degrees of freedom is negligible, with the exception of the linearized mooring stiffness, which may be fully coupled.
• Sheltering or screening effects from multiple bodies on the wind, wave, and current forces are neglected.
The use of linear mooring and hawser stiffness is a common simplification even when more sophisticated analysis is used ͑e.g., see Refs. ͓8,9͔͒. This simplification, in particular, is necessary whenever frequency domain methods are used. Here, the requirement for linear analysis is for speed of evaluating the equilibrium equations. Neglecting heave, pitch, and roll is acceptable for the configuration considered because of the stiffness of the mooring system, while neglecting the coupling of the in-plane degrees of freedom is commonly done ͑e.g., see Ref. ͓4͔͒. The neglect of sheltering effects is largely a practical matter. The sheltering effect from wind and current requires detailed information and furthermore depends on the relative positions of the vessels. This level of detail is not generally available and so is not used. Use of a blanket reduction may be warranted ͑e.g., see Ref. ͓4͔͒, but most often the effect is neglected ͑as in Refs. ͓2,3,5͔͒. The analogous effect on wave forces is more commonly included through use of wave diffraction analysis but is sometimes neglected ͑e.g., see Ref.
͓8͔͒.
Environmental loads are approximated by various conventional means. Details of the calculation of wind, current, swell, and local wave forces are given in Appendix A. The wind and current forces are based on the empirical data provided by the Oil Companies International Marine Forum ͑OCIMF͒ ͓10͔ for very large crude carriers ͑VLCCs͒ and are parametrized by their velocity. Current forces on risers are neglected for simplicity. Wave forces 2 are evaluated using an assumed distribution and parametrized by their significant wave height H s and peak period T p . The Gaussian spectrum is assumed for swells and is parametrized by a coefficient of variation . The Joint North Sea Wave Analysis Project ͑JONSWAP͒ spectrum is assumed for local waves and is parametrized by a coefficient of variation and a peak enhancement factor ␥. Return periods are not strictly indicated but some guidelines are reviewed here. The use of a 10 year return period ͑as in Ref. ͓2͔͒ is probably excessive, since offloading would not be feasible under these conditions. A 1 year return period is commonly accepted for design of offloading procedures ͑e.g., see Refs. ͓1,11͔͒. Ideally, when annual site specific data are available, it can be used so that return periods need not be guessed. Additionally, a more clear picture of the duration of severe environmental conditions is gathered from the use of such data. All environmental loads depend on the loading condition of the FPSO and tanker. As this can vary between ballast and fully loaded condi-2 Swells and local waves are considered independently. Transactions of the ASME tions, rational combinations of these should be considered ͑e.g., see Ref.
͓2͔͒ for each set of environmental loads.
Optimal Offloading Availability Problem
The vessel configuration for bow-to-bow tandem offloading is shown in plan in Fig. 3 : Compass north is the base line for global vessel headings. In the previous section, design variables for the optimal offloading problem were described. These consisted of vessel position information and tug and hawser force information. Again, all motion is restricted to the horizontal plane so that surge, sway, and yaw describe the full state of each vessel. A further simplification is made by assuming the relative drift between the FPSO and tanker is negligible to eliminate two of these variables. In practice, the hawser is considered inextensible and functions as a rigid link between the vessels. Similarly, the tug lines are considered inextensible, although tug motions are of no interest other than to define the direction of the net tug force. Accounting for all of the variables, we have the following: The subscripts refer to each component of the system such as F for FPSO, T for tanker, t for tug, etc. The drifts ⌬x and ⌬y refer to the total system drift, and are therefore not subscripted.
Six of the variables define the state of the system. Six equations of equilibrium, arrived at by summing forces and moments at the center of gravity of each vessel, are necessary and sufficient to determine the state variables. The remaining variables, the hawser and tug forces, are free variables, which may be chosen to optimize a certain objective. Here, we choose to minimize the magnitude of the tug force. This is consistent with the objective of increasing availability. When the tug force required to maintain equilibrium is below a certain threshold level ͑defined by economic or practical limitations͒, the offloading procedure is viable.
For convenience, a change of variables is made so that the FPSO yaw ⌬⌿ F is used as a primary variable in place of the heading ⌿ F . By doing this, the surge, sway, and yaw of the FPSO become primary variables, which are directly related to the mooring reactions. The FPSO heading is then taken as the mean heading plus the yaw ͑⌿ F = ⌿ F 0 + ⌬⌿ F ͒. Another change is made by using components of the tug force ͑F xt and F yt ͒ and hawser force ͑F xh and F yh ͒ instead of their magnitude and direction. This is done to decrease the nonlinearity of the equilibrium equations. Incorporating operational limitations discussed earlier, the offloading optimization problem is then formally stated as
2 is the objective function, c͑x͒ are the equilibrium constraints, ⌬͑x͒
͑F yh / F xh ͒ ͑with respect to the tanker͒, hF ͑x͒ = ⌿ T − 180− ⌿ F ͑x͒ + hT ͑x͒ ͑with respect to the FPSO͒, r max is a bound on FPSO drift ͑the watch circle radius͒, F max Ͻ 90 is a bound on FPSO yaw, T max Ͻ 90 is a bound on tanker and FPSO relative yaw, F h min is the hawser pretension force, F h min is an upper bound on the hawser force, t max Ͻ 90 is a bound on the tug angle, and h max Ͻ 90 is a bound on the hawser angle.
The equilibrium constraints will be described in detail in Sec. 2.2.1. Limits are imposed on the FPSO drift and yaw as operational restrictions as well as limiting the range of motion applicable to the linearized stiffness approximation. Operational limits are imposed on the relative heading between the tanker and FPSO, and angle of the hawser and tug lines. Lower and upper bound limits are imposed on the hawser force. The x components of the tug and hawser forces are limited for two reasons. Each must be bounded away from zero to prevent division by zero in the expression for tug and hawser angles. The sign of each is limited ͑along with the limit on tug and hawser angles͒ to guarantee that the tug and hawser lines are always in tension. The possibility of multiple equilibrium positions exists because the state equations are nonlinear in x ͑see Sec. 2.2.1͒. Use of operational limits on the variables reduces the number of potential equilibrium positions. It also eliminates a number of unstable positions of the DICAS ͑see Ref. ͓5͔͒. Problem 1 is nonconvex and has multiple local solutions for each set of vessel and environmental parameters. Various loading conditions ͑FPSO and tanker draft͒ will also give rise to different local minima because the environmental loads are a function of the draft. It is important to obtain a reasonable guess to the solution because that will affect the local optima obtained as a solution. Use of various starting solutions may be useful to study the quality and number of local optima. Finally, the inequality constraints in Problem 1 may be recast to an equivalent form so that the equations are less nonlinear ͑e.g., see Ref. ͓12͔, Chap. 7͒. This step may make the optimization more efficient since the constraints are linearized during the solution iterations.
Solution of Problem 1 can be done using software for constrained optimization ͑e.g., see Ref.
͓12͔͒. An efficient second order method such as a sequential quadratic programming ͑SQP͒ or an interior point method is most suitable, since derivatives of the objective and constraints are readily available. Partial derivatives of various functions in the formulation are given in Appendix A.2 for reference. In general, optimization algorithms require first derivatives ͑gradients͒ of the objective function and constraint equations. Second derivatives of the objective function are not necessarily required, since secant approximations can be easily obtained.
Equilibrium and Feasibility.
We study local equilibrium by considering free bodies of the FPSO and tanker. Forces on the FPSO include the environmental loads, hawser force, and the mooring reactions ͑see Fig. 4͑a͒͒ Transactions of the ASME 2.2 Environmental Loads. The environmental loads due to wind, current, and waves ͑swell and local waves͒ are estimated using various conventional means. The wind and current loads are calculated using OCIMF ͓10͔ coefficients derived for VLCCs. The wave forces are calculated using a similar scheme with precalculated force coefficients. These were derived in advance using a finite panel method and wave diffraction analysis ͑e.g., see Ref.
͓9͔͒ for vessels of comparable size and hydrodynamic properties. Appendix A.1 describes the procedure in more detail.
The net loads are the sum of contributions from wind, current, swell, and local waves. Each depends on the relative heading between the vessel and the predominant direction of the environmental load. Since the environmental load parameters ͑speed, significant wave height, heading, etc.͒ are fixed in the optimization problem, the net environmental loads depend only on the relative heading, or more generally the FPSO or tanker heading. In each case, the forces have been discretized at relative headings for a 10 deg interval, 0,10,20,…,360. Since the environmental loads are periodic ͑with period 2͒, F͑0͒ = F͑360͒ for each. For headings in between the discrete values, the loads are approximated using linear or cubic spline interpolation. It has been shown ͓12͔ that the use of cubic splines results in a smoother problem requiring fewer iterations of the optimization algorithm.
Examples and Model Validation
Model test data of a compliant moored FPSO with a shuttle tanker ͓11͔ are used to verify the calculation of environmental loads and mean equilibrium positions using the proposed static, linear model. Model test verification is an important step in validating the optimization results; however, this is not a rigorous approach. We seek only to show that the model reproduces trends in the experimental data, without excessive error. In order to prove convergence to the "true optimal solution," it is necessary to use a model management framework and validate the simplified model with a high-fidelity physics model ͑see Ref. ͓6͔ and also Ref.
͓13͔͒. Again, it is desirable to avoid expensive simulations, so that a large number of problems can be solved with a reasonable degree of accuracy.
The benchmark study was conducted on 1:104 scale models of the vessels in a 30ϫ 20 m 2 wave tank. Swells were generated with a hydraulically driven flap wavemaker system. Current was generated by an underwater array of nozzles. Wind and local waves were generated by three fans mounted along the edge of the basin. All environmental loads ͑see also Appendix A.1͒ applied to the FPSO and tanker assume a 1 year return period:
• wind, V w =13 m/ s • current, V c = 0.8 m / s • swell, H ss = 3.14 m, T ps = 15.7 s • local waves, H sa = 1.4 m, T pa = 5.0 s Both the FPSO and tanker were based on a ͑full size͒ 300,000 DWT vessel with length of 332 m, breadth of 52.6 m, depth of 3 of 28.0 m, draft ͑ballast͒ of 9.36 m, and draft ͑full͒ of 20.8 m. The superstructure wind areas were assumed equal to zero. The configuration in the testing was bow-to-stern tandem offloading so that the local axis system of the tanker is offset by 180 deg.
The specifics of the mooring line stiffness are not given in the paper, but a compliant system was used, which allowed yaw of the FPSO up to 55 deg. The analysis assumes an uncoupled mooring stiffness with Because of insufficient information to properly define the lateral springs, a large watch circle radius was taken ͑10,000 m͒ to avoid invalid solutions with active surge and sway constraints. This analysis attempts to show that the tanker equilibrium position and hawser force are consistent with the model test results. The experimental and optimal results are compared for the hawser force ͑Fig. 5͑a͒͒ and the tanker yaw ͑Fig. 5͑b͒͒. Several redundant cases were omitted from the figures for simplicity. Additionally, all of the beam-on sea cases were omitted because a stern line was used to control the motions of the tanker, and no information was made available about the nature of the force in the line. FPSO motion data were not compared as mean values were not reported 3 The depth is not reported by Codiglia et al. ͓11͔ , but the value given here is a typical value for VLCCs and is consistent with the results. in the study. Also, since the mooring line stiffness was not reported, the mooring line forces and lateral displacements of the tanker and FPSO were not compared. The agreement is good for hawser force with the trend being reproduced well. With the exception of Test No. 1014, the trend of the tanker yaw is in good agreement as well. This particular case was reportedly head-on seas, so that the optimal 0 deg yaw is consistent with the environmental parameters. Overall, only a qualitative comparison of the results is possible, which was considered sufficient for the purpose of validating the simplified physics model.
A particular case from the testing is now reproduced in detail here for clarity. Test No. 1059 was conducted with a fully loaded FPSO and ballasted tanker. The test gives reasonably good agreement between the static, linear model and the experimental results. The mean experimental hawser force of 23 tf is about 18% lower than the optimal value of 27 tf. The mean experimental tanker yaw of −21 deg is about 9% larger than the optimal value of −19 deg. The optimal equilibrium position of the tanker and FPSO is shown in Fig. 6 . The optimal solution ͑x * ͒ is given in Table 1 . No tug force is shown in either the figure or table, since the optimal solution was a zero tug force. The swell angle of attack was due north, while the wind, current, and local waves were at a heading of −22.5 deg. A summary of the optimal environmental loads for the tanker and FPSO is given in Table 2 .
Without the presence of a tug, the tanker must align with the prevailing environmental loads. Figure 6 shows that the heading of the tanker is nearly coincident with the wind, current, and local waves, but biased slightly toward the direction of the swells. The hawser is the only force on the tanker that offsets the environmental loads. The components F xh and F yh are equal to the net surge and sway force produced by the environmental loads. The hawser is optimally aligned so that its beam-on force component across the tanker bow produces a righting yaw moment just equal to the net moment from the environmental loads.
The FPSO, on the other hand, does not align directly with the environmental loads since the mooring lines are available to provide stability. Note that the yaw angle of the FPSO is relatively large so that some weathervaning does take place. The mooring reactions in the x and y directions are equal to the net force on the FPSO produced by environmental loads and the hawser. The yaw moment from environmental loads is offset by a combination of the hawser moment and the yawing stiffness from the mooring lines. The large righting moment produced by the hawser explains how the optimal heading of the FPSO came about: Although it has not aligned with the prevailing environmental loads, the equilibrium position is such that the combination of both hawser force and mooring lines provides significant stability to the FPSO.
The equilibrium of the tanker and FPSO are determined by Eq. ͑2͒. The other conditions for an optimal solution are seen by reviewing Problem 1. From the solution, it is seen that the only active inequality constraint is F xt Ͻ 0. In practice, a constraint tolerance of −10 −4 is used so that even though the tug force is essentially zero, the x component is numerically less than zero. The only other condition for an optimal solution is that the objective function or F t is minimized. Although it is possible to prove that the solution x * given above is optimal, this is not necessary, since clearly the lower bound on the tug force is zero. 
Conclusions
A formal statement of the problem for optimization of FPSO availability has been given. It has been proposed that by minimizing the tug ͑or thruster͒ force applied to stabilize the tanker during offloading, the feasibility of offloading can be determined as a practical matter when the tug force is within economical limits. The primary factor affecting availability is the prevailing environmental loads, but by varying design parameters such as the FPSO heading, the effect of external loads may be reduced. Additionally, operational limitations on the offloading must be imposed, further affecting availability. These are quantified by using constraints, or bounds on certain parameters such as the relative heading between the FPSO and tanker.
By stating the question of availability as a constrained optimization problem, the equilibrium of the system ͑FPSO and tanker͒ is connected directly to the problem via a set of equality constraints. The dependency of environmental loads on the vessel heading makes essential the integrated method of solving for equilibriums while minimizing tug forces. It was demonstrated in Sec. 3 ͑Test No. 1059͒ that a particular set of vessel headings is best suited to a given set of environmental loads, and by choosing these headings properly, a very small ͑in that case, zero͒ tug force was required to stabilize the tanker.
If annual weather data are available for a particular site, the study of offloading availability may be conducted by repeatedly solving Problem 1 for each anticipated set of environmental loads and a rational combination of vessel loading conditions. An upper bound on the expected availability can be easily determined through such a study, helping to forecast expected production downtime. In lieu of using site specific data, wind, current, and wave forces for a 1 year recurrence interval can be used in simulations where the headings of the environmental loads are varied using a Monte Carlo simulation. This type of approach may be used to estimate mean availability as well as upper and lower bounds with certain confidence.
This section details the equations used to calculate environmental loads based on vessel parameters and basic environmental data.
The vessel dimensions and exposed superstructure areas are generically referred to by the following: l bp is the length between vessel perpendiculars ͑m͒, b is the vessel beam ͑m͒, d is the vessel depth ͑m͒, f is the vessel simulation freeboard ͑m͒, A st is the head on projected area of the superstructure ͑m 2 ͒, and A sl is the beam on projected area of the superstructure ͑m 2 ͒. Physical constants used are the following: g = 9.81 m / s 2 is the acceleration of gravity, ␥ a = 1.25ϫ 10 −3 tf/ m 3 is the specific weight of air, ␥ w = 1.03 tf/ m 3 is the specific weight of seawater, a = ␥ a / g is the density of air, and w = ␥ w / g is the density of seawater.
The wind loads ͑in tf͒ acting on a vessel at heading ⌿ are the following:
where w = ⍜ w − ⌿ is the relative wind heading, ⍜ w is the absolute wind heading, V w is the wind speed ͑m/s͒, and C xw , C yw , and C zw are OCIMF ͓10͔ wind force coefficients. The current loads ͑in tf͒ acting on a vessel at heading ⌿ are the following:
where c = ⍜ c − ⌿ is the relative current heading, ⍜ c is the absolute current heading, V w is the current speed ͑m/s͒, and C xc , C yc , and C zc are OCIMF ͓10͔ current force coefficients. For swell and local waves, drift force coefficients C xd , C yd , and C zd are estimated in advance by simulation using wave diffraction analysis in WAMIT® for reference periods, 0.5ഛ T ഛ 20 s and relative headings, 0 degഛ ഛ 360 deg.
For swell, a Gaussian spectrum is assumed. For a reference period, T:
where H ss is the significant wave height of swells, T ps is the peak period of swells, and is the coefficient of variation, taken as 0.1.
The swell loads ͑in tf͒ acting on a vessel at heading ⌿ are the following: 
where H sa is the significant wave height of local wave, T pa is the peak period of local wave, and
The coefficient of variation is taken as
␥ is a peak enhancement factor, taken as 3.3, and ␣ is a normalization factor, taken as 0.656. The local wave loads ͑in tf͒ acting on a vessel at heading ⌿ are the following:
where a = ⍜ a − ⌿ is the relative local wave heading and ⍜ a is the absolute local wave heading. Note that in all cases, force coefficients C xx , C yx , and C z x are adjusted for the simulation freeboard.
A.2 Derivatives of the Objective and Constraint Functions
This section gives the gradients of the equations in the offloading optimization problem. The coefficients are chosen so that the polynomial interpolates the environmental load function exactly at i and i+1 . If higher order polynomials are used, the remaining coefficients are chosen to provide continuity of the derivatives of the interpolating polynomial. In general, the nonzero partial derivatives of the environmental loads are of the form
The gradient of the net environmental load is the sum of the gradients of loads from wind, current, swell, and local waves. Other complex gradients can be derived from those given above.
A.2.4 Miscellaneous Constraint Functions
T ͑x͒ = ⌿ T − ⌿ F ͑x͒ − 180 
